Abstract-In recent years many large scale demonstrators and prototypes of superconducting fault current limiters have been successfully developed and tested. Within the European Project ECCOFLOW (www.eccoflow.org), it is the first time that a resistive-type superconducting fault current limiter is developed for two different locations and that a permanent installation is foreseen. The limiter has a rating of 20 kV and 1 kA and will be tested in a busbar and transformer feeder application.
I. INTRODUCTION AND SPECIFICATION

W
ITHIN the FP7 project "ECCOFLOW-Development and field test of an efficient YBCO Coated Conductor based Fault Current Limiter for Operation in Electricity Networks" the main objective is to develop and test a medium voltage resistive-type superconducting fault current limiter (SCFCL) [6] . In comparison to other R&D activities [1] this project has two outstanding characteristics. This is the first time that one SCFCL device has to fit in two different specifications and it is planned to manage a first permanent in grid installation of a resistive SFCL. M. Noe is with the Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany (e-mail: mathias.noe@kit.edu).
A. Hobl is with Nexans SuperConductors 50351 Hürth, Germany (e-mail: achim.hobl@nexans.com).
P. and VSE (Slovakia). At first, it is foreseen to test the SCFCL in a busbar coupling location in the Endesa distribution grid of the Balearic Island of Mallorca. After this first field test lasting several months, the SCFCL will be uninstalled and then integrated in a transformer feeder location in the VSE grid for long term installation and testing. Table I summarizes the main specification that is suitable for both applications.
II. CONCEPTUAL DESIGN
A. HTS Material and Wire Length
Quench tests, AC loss estimation and stability considerations have shown that a 12 mm wide YBCO tape with non-magnetic substrate and a silver cap layer thickness of 4 is the preferred option for the ECCOFLOW SCFCL.
The number of superconducting tapes in parallel can be calculated from the requirement that the maxima of the rated current has to remain below the critical current of the tape configuration.
1051-8223/$26.00 © 2011 IEEE According to the tape manufacturer an average value of 300 A is available in long lengths. This means that the number of parallel tapes could be either 5 or 6. For a compact design a stacking of several tapes in parallel is required so that an even number of tapes is favored. For this reason 6 tapes in parallel have been preferred for the ECCOFLOW project.
The superconductor length per phase is mainly defined by the HTS temperature at the end of the fault transient after limitation and thus by the maximum SCFCL voltage at limitation. The latter is calculated from the grid impedance of 1.4 and the maximum limited current of 4 to approximately 8 kV. It is known from literature and own experiments that up to a maximum temperature of 360 K there is no degradation of the chosen HTS tapes at current limitation. Simulations within the project have shown that with the specified limitation time for the HTS tape (80 ms) and a silver thickness of 4 this maximum temperature is reached at an electrical field at limitation of 0.515 . This immediately gives the needed superconducting minimum length of appr. 160 m per phase. The effective HTS tape length for the entire device is then easily calculated to 2880 m (i.e., ).
B. HTS Component Design
Different design alternatives were assessed with respect to the expected AC-losses, high voltage issues, total volume and manufacturing aspects. At the end a compromise was found, since low AC-losses require a bifilar arrangement which is disadvantageous with respect to HV-insulation. As a result a multifilar pancake design with twin-configuration was chosen. On the basis of a GRP-plate each HTS component consists of six twins (stacks of two tapes in parallel) which are wound to a multifilar coil such that three pairs are going in and three out, in a locally bifilar arrangement. In the center of the pancake all six twins (i.e. 12 tapes) are connected on a common terminal contact (Fig. 2) . The effective length of each twin is about 6.6 m, this corresponds to a voltage of about 680 V for the single component. This design has several advantages:
• no parallel connection of components needed • compact design with an excellent use of space • low voltage for the single component • small AC losses due to multifilar geometry • short single pieces of superconducting tape with mutual protection. The contacts of the HTS tapes at the periphery and in the center will simply be made by clamping with indium foil. This technique has already been validated within the ECCOFLOW consortium with reproducible contact resistance values below 0. 5 . The choice of a common inner contact favors the balancing of currents and thus a mutual protection of the single HTS tape. For the electrical insulation of the tapes there are different concepts under investigation including wrapping with Kapton foils/tapes or by Teflon or GRP distance holders.
C. HTS Module Design
The circular shape (radius about 320 mm) of the components is well adapted for the stacked-type arrangement of the components. Fig. 3 shows a sketch of a stack of twelve components. With a suitable distance for gas evacuation a height requirement per component of approx. 70 mm each is projected, which results in a total height for the HTS-module of 860 mm. This then also defines the size of the liquid nitrogen vessel, since an individual liquid nitrogen vessel per phase is foreseen.
The series connection of the components and the parallel connection of the twins within each component are realized by the same concept. For this purpose each component is equipped with a copper-triangle (Fig. 3) as a common terminal for the outgoing contacts and the ingoing contacts of the next component. A 60 -shift between subsequent components will help to minimize the losses in the copper connections. The contacts between the copper triangle and individual components will be simply screwed. The contact resistances are negligible and not subject to degradation with respect to cooling cycles.
D. Cooling Power
T The total power losses of a SCFCL at cold temperature is composed of AC loss of the superconducting tapes , the heat loss of the current leads , the heat loss of the cryostat and additional losses at joints and connections inside the cryostat .
Together with the efficiency of the cooling system the total energy input is calculated to Table II gives a summary of the maximum power loss of the ECCOFLOW SCFCL system.
E. High Voltage Design
According to IEC71-1 electrical insulation coordination standard [1] the following withstand voltages have to be applied for the ECCOFLOW SCFCL prototype.
• Standard short-duration power frequency withstand voltage at 50 kV (RMS value) • Standard lightning impulse withstand voltage at 125 kV (peak value) These voltages are applied from phase to ground and phase to phase. The basic breakdown properties of are well known [2] , [3] and they are comparable to conventional liquid insulators like transformer mineral oil. However, in SCFCLs the transition from the superconducting state to the normalconducting state, the quench, causes rapid boil off of leading to a vapor film and bubble stream. The breakdown properties are decreased and are then controlled by the vapor dielectric strength [4] . This has to be considered for the high voltage design of SCFCLs.
It is recommended to keep the maximum electrical field at the surfaces exposed to high voltage below 20 kV/cm because this is the maximum value in air before a breakdown can start. The Paschen curve of nitrogen [5] shows for example at homogenous field conditions a minimum distance of about 60 mm at 1 bar and 25 for a breakdown voltage of 125 kV. At lower temperatures the breakdown voltage increases, but inhomogeneous fields would decrease it. To have a safety margin a distance of 100 mm is foreseen between the elements and the cryostat wall. The voltage between the elements is much smaller and the distance between the elements is not determined by the electrical insulation.
F. FCL System Layout 1) FCL System:
The SCFCL system consists of several major parts shown schematically in Fig. 4 . The superconducting components are arranged of compact and low inductance HTS coils. For each phase several components are stacked to a superconducting module and this is inserted in a liquid nitrogen vessel. Three liquid nitrogen vessels are inserted into one cryostat that is connected to a cooling system. On top of the cryostat the current leads and the bushings provide the connection to the room temperature part of the system. Major parts for the electrical integration in a power network are the circuit breaker in line with the superconducting fault current limiter and the air coils in parallel. This arrangement facilitates fault durations up to one minute. In case of a fault current the SCFCL will limit the prospective short-circuit current in the first peak to max. 10.8 kA. The circuit breaker is needed to protect the HTS module because it is designed to carry the fault current for max. 80 ms. After the circuit breaker has switched off, the fault current is carried by the air coils.
In the normal operation state the nominal current is carried by the HTS module only, since it acts like a short-circuit to the air coils; hence the impedance of the air coils is not seen by the grid. Due to this approach the air coils are dimensioned to withstand the short-circuit follow current. This allows a smaller and lighter design of the air coils.
2) Cryostat: The objective of the cryostat and cooling system design, is a low cost, low losses, low maintenance, high efficiency and high reliability cryogenic system fulfilling all safety requirements. It will already regard boundary conditions of a later series production. As a result, a single liquid nitrogen vessel per phase has been chosen with three vessels in one cryostat. The sketch of the cryostat with a diameter of 2099 mm and a height of 2215 mm is shown in Fig. 5 . The cryostat has a total estimated heat input equal to 128 W, without taking into account the terminations and safety devices.
3) Current Lead and Bushing: Current leads for 1 kA and bushings for 24 kV from room temperature to 77 K are not yet of the shelf products but there are many examples for a successful realization of current leads and bushings in this parameter range. For the ECCOFLOW project several different designs for the current leads and bushings have been evaluated. A thermal optimization study has been performed showing an expected maximum temperature of 313 K and total loss of 45 W at nominal current and a minimum temperature in contact with air of 276 K and a total loss of 24 W at zero current.
4) Air Coil:
In general, an inductance or a resistance can be put in parallel to the superconductor. The main task of this impedance in parallel is to protect the superconducting part, to adjust the limited current between 1.5 kA and 4 kA and to avoid overvoltages. For ECCOFLOW an air coil has been chosen because it fits best the requirements at both locations and there are no severe space restrictions. The value of the inductance has to be designed in such a way that the requirement on the limited current is fulfilled. In total three air coils, one per phase, are foreseen for the ECCOFLOW SCFCL system. 5) Cooling System: The ECCOFLOW cooling system has to fulfill the following major requirements:
• Liquid nitrogen bath temperature at 77.0 0.2 K.
• Liquid nitrogen bath level stable within 5 mm.
• Cooling power 1000 W @ 77 K.
• The cooler needs to withstand the cryostat pressure between 0 bar and 5 bar absolute pressure.
• The cooling system shall have high reliability. The probability for an unplanned outage (more than 10 minutes) shall be 10% per year.
• The cooling system shall have high efficiency.
• The cooling power-and thus the input power-shall follow the load to increase the efficiency.
• The space/footprint required shall be minimized.
• There should be minimum maintenance required on the system. In any case, maintenance shall not be needed more often than once a year.
• The time needed for the maintenance shall not be more than one day per year. • During cooling system maintenance the SCFCL shall be operable. Within the ECCOFLOW project a closed loop refrigeration system with a GM cryocooler has been identified as the best solution. At nominal operation heat coming from the HTS module evaporates the liquid nitrogen and gaseous nitrogen flows to the cold head. The gaseous nitrogen is liquefied through the heat exchanger and liquid nitrogen flows back to the cryostat by gravity.
III. SUMMARY
The conceptual design of the ECCOFLOW SCFCL fulfils all requirements according to the utilities specification.
The preferred superconductor material is a 12 mm wide YBCO tape with a cap layer thickness of 4 of silver. The total amount of HTS tapes needed ( at 77 K) adds up to approx. 2.88 km. The HTS component consists of a low inductance arrangement with several tapes in parallel to reduce the number of components. Approximately 10-12 HTS components per phase are stacked and put in one liquid nitrogen vessel per phase. The maximum AC loss at nominal current has been calculated to 600 W. The high voltage design takes into account the formation of bubbles during quench and is based on the Paschen curve for . For the cooling system a closed loop cooling with a GM cryocooler is the preferred option.
